vii EXECUTIVE SUMMARY Problems and Objectives: AOAP leaders have been directed to reduce costs. Unit commanders need to know the readiness state of equipment and/or lubricants more quickly than the current AOAP system allows. The objective is to investigate solutions for reducing the number of samples sent to AOAP for oil analysis and provide field personnel with devices that will help determine whether a sample needs to be submitted to AOAP.
Importance of Project:
Oil testing in the field will be faster and more efficient for a more mobile battlefield. The goal is to reduce the number of used oil samples sent to AOAP for analysis by approximately 80%. It will also reduce the volume of used oil that AOAP must dispose.
Technical Approach:
The approach was to develop the critical oil analysis requirements for CI engines, turbine engines (M1), transmissions, hydraulic systems, and generators. The approach was also to develop a test plan for evaluating portable oil analysis devices with AOAP tests and standard ASTM methods in the laboratory and field.
Accomplishments:
A list was compiled of the major manufacturers of engines, transmissions, hydraulic systems, generators, and manual transmissions/final drives representative of Army ground equipment. These manufacturers were contacted for their oil change criteria and for oil degradation and equipment condition. A list was compiled of the key parameters of used oil properties required for oil monitoring, component monitoring, or both. The rationale for identifying critical lubricant properties was included. The TARDEC market survey of portable oil analysis techniques was reviewed, and a suite of methods was recommended for evaluation. Also, a comprehensive test plan was developed for evaluating portable oil analysis devices with standard ASTM methods and AOAP results.
Military Impact: The establishment of the unit portable oil analyzers would increase vehicle and equipment readiness and enhance the following areas:
Tactical -oil testing will be faster and more efficient for a more mobile battlefield. Logistics -Determine the useful life of lubricants and fluids and ease the logistics burden. Environmental -Reduce the impact of used drained oil disposal, and used oil sample disposal. Maintenance -Extend the useful life of oils and help to eliminate the erroneous use of oils and fluids and reduce maintenance cost. Savings -Would provide a large reduction of samples sent to AOAP labs for full analysis and a reduction in sampling efforts.
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I. BACKGROUND
The Army Oil Analysis Program (AOAP) helps reduce catastrophic failures of ground and aviation equipment and optimize oil change frequency. This is accomplished when operating units transport a used oil sample for analyses to one of 21 field or four depot AOAP laboratories located across the United States, Europe and Korea. AOAP also has two mobile labs for training and wartime roles. Even though AOAP offers great benefits by defining the condition of the components, it can take three to ten days for the test results to reach system users. In the field, users want a quick answer, usually within a few minutes or hours, to the following questions:
(1) What is the condition of the mechanical component (i.e., engine, transmission, hydraulic system or final drive)?
(2) What is the condition of lubricant in the mechanical component? and support cost of AOAP labs would be greatly reduced, along with the cost and inconvenience of sample handling, shipping, and disposal. Test results will also be provided in a more timely fashion, in line with commanders' needs.
II. OBJECTIVE
The objectives of this project were to define critical used lubricating oil properties and to investigate oil-analysis methods for use at the unit level to provide a go/no-go result regarding oil condition and equipment readiness. A unit-level analysis could reduce costs by decreasing the number of samples sent to AOAP labs for full analysis. 
III. APPROACH
IV. RESULTS
A. Component Manufacturers
The initial effort was to identify those oil properties deemed essential and/or highly recommended for determining oil condition, component condition, or both. Therefore, it was important to acquire component manufacturers' recommendations concerning oil analysis to support and justify the selection of critical properties. A list was compiled of engine, transmission, and hydraulic systems for Army combat, tactical, and support equipment, including generators, construction, and material handling equipment. This list included the major and representative components used by the Army in non-aeronautical equipment. These components are in the AOAP program and are listed in Tables 1-5 below:   4 In Table 1 For the representative tactical-wheeled and other support-equipment engines (Table 2) For the representative generator sets (Table 3) , four engines were selected from three manufacturers. These four engines cover the majority of the generator sets. In addition, these engines are also used in road graders, loader scoops, rollers and trucks.
Twelve representative transmissions were selected from four manufacturers from the entire equipment list (Table 4 The last transmission selected was the General Electric HMPT-500, which is used in eight line items, such as the M2 and M3 fighting vehicles and the M993 rocket launch system carrier.
Eaton represents about 75 line items (Table 5 ). Only three drive axles are enrolled in the AOAP system, and these are tracked vehicles. All others used hard time (miles and/or hours). All manufacturers in Tables 1-5 
B. Manufacturers' Oil-Change Criteria/Guidelines
Upon receiving the manufacturers' oil-change criteria/guidelines (5-15), tables were compiled for oil-change properties and their ranges for engines, transmissions, hydraulic systems, drive axles, and manual transmissions (Tables 6-9 ). This compilation was accomplished with information from DA PAM-738-750, Desert Storm Combat, the Wheeled and Generator Oil Change List, JOAP/AOAP, and the Internet. Most hydraulic system manufacturers require viscosity, water content, and particle count. The neutralization number and flash point are recommended for fire-resistant hydraulic fluid. All drive axles and manual transmissions use hard times to change the lubricant, except in the M109 self-propelled Howitzer 155mm and the M548 tracked cargo carrier 6 ton. As illustrated by data contained in these tables, there is a large spread of oil drain criteria. This may present a problem if using only one portable analyzer. It will probably require two to four or more portable analyzers to perform acceptably. Also, a vehicle log and some type of data storage will be needed to record baseline data for comparison and trending analysis. The Army's use of a wide range of lubricants in its equipment (Table 10 ) may complicate this issue. 
C. Typical Oil Property Evaluation Tests
Vehicle users industry wide typically use certain properties to evaluate the condition of the oil and equipment. A brief discussion of those properties will follow:
1.
Viscosity measures the oil's resistance to flow. The proper viscosity is extremely important for optimum performance, to maximize engine, transmission, and hydraulic system life, and to indicate many abnormalities. Viscosity is measured at 40° and 100°C 10 using ASTM D445, and this produces a viscosity index (VI) per ASTM D2270. Increases in viscosity are usually due to high-temperature oxidation, soot accumulation, water and/or coolant contamination, and addition of a heavier oil. A decrease in viscosity usually signals fuel dilution. In multigrades it may be due to a shearing of the VI improver or the addition of a lighter oil or fluid. The 40°C viscosity provides a better indication of fuel dilution or water contamination.
2.
Water Content measures the amount of water found in the component oil. Water is usually measured by the Karl Fisher Water Content Method, ASTM D4928. Water gets into the crankcase through blow-by from short trips, gasket leaks, water pump seals, and through condensation that can occur during cooldown. Moisture can 1) enhance oxidation by increasing polarity, 2) produce a decline in lubricity, 3) seriously affect oil filter ability, and 4) cause corrosion. Moisture analysis should be conducted in conjunction with glycol analysis, because moisture can be vaporized at engine operating temperatures, leaving glycol behind.
3.
Coolant/Glycol measures the coolant/glycol in the oil. The coolant/glycol determination is conducted using ASTM D2982 or D4291. Glycol breaks down at higher engine temperatures, and when the water evaporates the glycol forms sludge and oil ball abrasion. It can reduce filterability, and large quantities can corrode bearings and block oil galleries.
4.
Fuel Dilution measures the amount of fuel in the oil. Fuel dilution is typically measured by ASTM D445, ASTM D93, or ASTM D3524. Fuel dilution is caused by incomplete combustion from extended periods of idling or from using a heavy fuel. It may also be caused by overfueling from a malfunctioning or improperly sized fuel injector or from worn liners or piston rings.
5.
Total Acid Number (TAN) measures the total amount of acidic products in the oil. It determines the extent to which an oil has been oxidized. Oxidation can lead to bearing corrosion and severe oil thickening. TAN is usually determined by ASTM D664 or D994.
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6.
Total Base Number (TBN) measures the alkalinity of the oil. As oil ages, the alkaline additives neutralize the combustion acids, and alkalinity decreases. Operating a component with low TBN oil can cause wear and deposit formation. The alkalinity can only be replenished by adding or changing oil. This is usually determined by ASTM D4937. ASTM D2896
and ASTM D664 are older, obsolete methods.
7.
Insolubles: Pentene insolubles measure the oil-insoluble materials and some oil-soluble resinous matter that originate from oil and/or additive degradation. Toluene insolubles measure the following: insoluble materials from external contamination; fuel carbon and highly carbonized materials from degradation of fuel; oil and additives; or engine wear and corrosion materials. Insolubles are determined by ASTM D893.
8.
Soot measures the amount of fuel soot present in used diesel engine oils. It is usually caused by retarded injection timing and is an indication of non-optimum air-to-fuel ratios. Excessive soot causes abnormal valve and injection-train wear along with increased viscosity. It can also increase exhaust emissions, and in extreme cases, clog filters. This test is now usually conducted using the Detroit Diesel enhanced TGA soot
method. An infrared absorption technique is also used.
9.
Elemental Analysis determines the additive elements, wear elements, wear metals, and contaminants in oil. The concentration of wear metals can indicate abnormal wear if there is baseline data. It can also indicate that an incorrect oil is being used. It can detect coolant leakage and can be used to monitor equipment condition. The method usually used to detect elements is ASTM D5185 (ICP Method).
10.
Particle Counter measures the particle size and count for a given volume. Particle counting is recommended when using wear metal analysis because it detects wear and deterioration of synthetic friction materials on discs in transmission and wet brakes. It also shows the larger worn particles. The particle counter test has been proposed for ASTM standardization. 
V. DISCUSSION AND JUSTIFICATION OF OIL ANALYSIS REQUIREMENTS
A. Diesel Engines
Viscosity change is a measure of diesel engine oil degradation. The proper viscosity is extremely important for optimum performance and maximum engine life. An increase in viscosity is due partly to the evaporation of lighter base oil fractions, as well as the loss of volatile oil degradation products. Increases are also due to high-temperature oxidation, water, coolant contamination, and soot accumulation. Excessive oil viscosity can hinder oil flow to critical engine components, such as bearings and turbochargers. This problem is magnified at start-up under low ambient temperature conditions. Continued use of a degraded, thickened engine oil can cause increased deposits in the ring belt area, leading to ring sticking, high oil consumption, and engine power loss. A decrease in oil viscosity usually indicates fuel dilution, or in multigrades it may be due to a shearing of the V.I. improver. Changes in viscosity can also be caused by the addition of a wrong lubricant. Using an oil with a viscosity that is too low can result in high oil consumption and piston-liner distress, ultimately leading to engine power loss. For these reasons, TFLRF considers oil viscosity to be one of the most important properties to be determined, relating to both oil degradation and engine condition.
Diesel engine oils are formulated with a variety of additives that enhance lubricity, retard oxidation and corrosion, and reduce the tendency for sludge and deposit formation. The level of the additives can be determined by monitoring the TBN. Additive and wear metal levels may also be measured by spectrographic metal analysis. Extended operation using engine oil with inadequate TBN will result in increased engine deposits and possible bearing corrosion. For these reasons, TFLRF considers TBN to be a critical parameter for determining oil degradation level.
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Among the most serious engine oil contaminants are coolant, dirt, and soot. Coolant system leaks are probably the most serious, and one of the most common, except for engines that are air cooled. The water enhances oxidation, reduces lubricity, and can seriously effect oil filterability. The glycol breaks down at high temperatures and forms sludge, deposits, and hard abrasive oil balls. In most cases, monitoring water content is not adequately reliable because high temperatures can vaporize water quickly and keep detected levels as low as 0.05%. Coolant level contamination can be detected by measuring glycol or the content of boron or sodium. Glycol will also attack engine bearing materials.
Dirt is probably the most common engine oil contaminant, usually operator-induced in dusty environments. High levels of dirt can lead to excessive levels of abrasive engine wear and ultimately power loss. The best way to detect dirt contamination is to monitor the silicon level by spectrograph and total insoluble solids.
Analyzing different types and levels of wear metals can determine which engine components are wearing and if the degree of wear is becoming critical. Wear metal content should be compared to the new oil to obtain the net wear metals and to monitor for rapid increases.
B. Turbine Engines
Gas turbine engine lubricants (unlike diesel engines) are not exposed to combustion by-products. Gas turbines tend to have hot spots and operate at higher temperatures. Therefore, synthetic lubricants are used that have been formulated with oxidation and corrosion inhibitors.
Viscosity change can indicate contamination, severe degradation, or use of the wrong makeup oil in gas turbines.
The higher oil temperatures in a gas turbine eliminate most problems from water contamination; however, during periods when the engine is not operated, continuous water contamination can cause hydrolysis, which degrades the synthetic lubricant over time. This degradation can usually be detected by a change in TAN and viscosity.
14 Wear metal analysis is recommended to determine which engine components are wearing and to what degree this wear becomes critical. If an intercooler system is used, a fuel/oil dilution is possible. Highly degraded turbine engine oils can damage gears, pumps, and bearings due to circulating carbonaceous debris and can even produce partial or total filter plugging, which causes costly damage and engine shutdowns.
C. Power Shift Transmissions
Viscosity is the critical property to evaluate in combat and tactical transmissions. The viscosity increase in a power shift transmission is usually gradual; these components do not tolerate as much viscosity increase as a diesel engine due to the port/orifice sizing, which controls various transmission operational functions. At low-temperature conditions, used oil with increased viscosity can lead to oil starvation and system failure. TAN change resulting from oil oxidation can also be used to indicate viscosity increase.
The most common contaminants are water, dirt, wear particles from wet clutches, wet brakes, and transmission coolant. Water and dirt are usually operator-induced. Some transmissions are cooled with a coolant and require the detection of glycol, boron, or sodium levels in the oil. Dirt and wear particles can best be detected by measuring the levels of silicon and copper/bronze using a spectrograph or particle counter, and by total insoluble solids. Excessive contaminants can cause wet-clutch and/or wet-brake slippage, which affects steering, wear, wet brake/clutch chatter, filter plugging and overall operational performance.
D. Hydraulic Systems
In most cases, the viscosity should increase slowly unless there is a significant increase in temperature. Contamination with other oils/fluids can increase or decrease viscosity quickly. 15 To further define the cause of a change in viscosity, it is helpful to look at the change in TAN. As hydraulic fluids break down they form acidic by-products.
Contamination is one of the greatest threats to hydraulic systems. The most common contaminants are water, dirt, wrong fluid type, wear metals, and seal deterioration. Water is one of the greatest threats. Water is a poor lubricant and it promotes metal corrosion. The wrong oil can usually be identified by a change in viscosity. Metal wear contamination can be detected with the spectrograph. Particle size and count can detect dirt, metal and seal contamination. Small particles are most damaging to the close-tolerance function valves, while larger particles can restrict flow through port/orifices. Each hydraulic system has its own "steady state" particle level at which the system will normally operate. In this condition, the level of newly generated particles is offset by particles removed by filtration or that settle into low spots.
The measure of particle count is the most subjective of all the hydraulic oil tests. Hydraulic systems usually wear out gradually; therefore, major failures can usually be detected before catastrophic failure.
From the preceding information, Table 11 was developed to show the properties required for oil monitoring and component monitoring. The following definitions were used:
• Oil Degradation = Changes in physical/chemical composition of the oil.
• Oil Contamination = Materials that enter the lubricant.
• Equipment Condition = Property is strongly related to equipment/component condition. 
VI. CRITICAL OIL PROPERTIES AND OIL CONTAMINANTS
Critical lubricant analyses properties were identified based on equipment/component manufacturer oil analysis requirements. The critical oil properties and contaminants were categorized into three levels based on cost and risk (Table 12 ). The cost factor was primarily the estimated cost of the required analysis instrumentation. The risk factor was defined as a subjective estimate of the risk of not detecting a problem. Level 1 defines the minimum used oil properties that must be determined to provide reasonable protection of equipment. This least costly set of properties would involve the highest level of risk that a problem would be missed. For level 1, an inexpensive indirect measurement of wear metals is recommended; however, a method needs to be developed.
Level 2 analysis includes all Level 1 determinations plus soot content, insolubles, total base number (TBN) and wear particle analysis (WPA). Level 2 cost and risk were estimated to be intermediate.
Level 3 analysis includes all Level 1 and 2 determinations, and Fourier-Transform Infrared (FT-IR)
and spectrographic techniques. Level 3 has the highest estimated cost and lowest estimated risk.
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VII. OIL ANALYSIS INSTRUMENTS
TARDEC conducted an excellent market survey of available oil analysis instruments.(3) TFLRF collected information on some of the instruments in the TARDEC market survey; however, the TARDEC survey was more extensive and will be used as a basis for recommending appropriate instruments for Level 1, Level 2 and Level 3 properties as shown in Table 12 .
